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Origin of Mass: the Higgs Boson | o

Standard Model does great job describing physics at weak scale
One of the open questions within the SM:

How to generate masses of fermions and gauge bosons within
the fundamental theory of particle interactions?

What is the Electroweak symmetry breaking mechanism?

Higgs mechanism provides a gauge invariant theory of

Electroweak interactions with massive W= and Z bosons

One complex scalar field doublet ¢ Lhiggs = (0,0)1(0"¢) — V()
After spontaneous symmetry breaking: V(6) = 12616 + A(676)2
* Goldstone bosons become W=, Z gauge bosons o o

* Second component of ¢ generates Higgs boson H
Eny X My

Theory g om? The Higgs Mass my, is

predicts: o o /. unknown in the SM but
expected to be <1 TeV

Re(4)
vacuum expectation: v = 246 GeV
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Experimental constrains on the Higgs Mass ™"

6 July 2011 - ml. ::161 GaV
{ W Ax? from fit to electroweak measurements from
_ g ad ~ _ o
> i —oo270:000003  Jf LEP, SLD and Tevatron assuming the SM
L3 0.0274940.00010 @
4 . .'-...‘:" incl. low Q° data | - 34
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Upper bound: 7 <161GeV
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Search for the Higgs (@ the LHC
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LLarge Hadron Collider

» pp: Vs =14 TeV, Ly, = 103 cm? 571 (after 2014)
VS(LHC) ~ 7 Vs (Tevatron), design (LHC) ~100 L., (Tevatron)
. Heavy ions: (e.g. Pb-Pb at Vs ~ 1000 TeV)

P

N

" ATLAS and CMS
pp, general purpose

— e

| 2011-2012: vs = 7 TeV
“" L, few x 10 cm 5!

1n1t1al

=~ e DR W T

< The Large Hadron Colllder

is a 27 km long collider ring
“>¢| housed in a tunnel about 100 m
underground near Geneva
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LHC: Integra!ed Luminosity nperl olege
I
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PRELIMINARY
|

LHC 2011 RUN (3.5 TeV/beam)

March April  May

June  July August

Month in 2011

The data collected has opened up

the door for Higgs searches @ LHC!

Peak luminosity (10> cm~2s™")

Initial Goal:
1 fb-! by end of 2011!

LHC 2011 RUN (3.5 TeV/beam)
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Peak luminosity: 2E33 cm2 s-!

<number Pile-Up events>~ 6
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ATLAS and CMS Experiments nperl olege

Inner detector: pixel+SCT+TRT B = 2T solenoid 45 m —>
G/pTz 10'05%pT @ 1% |ﬂr|| < 2.5 Muon Detectors Tile Calorimeter  Liquid Aroon EE 7000 Tons
ATLAS | m

/

EM Calo: Lead-LAr calorimeter
6/E = 10%/NE ©0.7% n| < 3.2

Hadronic calorimeter: |
Steel+Scintillator o/E = 50%/VE ©3% n| <3.2 . f

\ =
Copper+LAr o/E = 100%/VE ®10% 3.1 <[y| < 4.9/‘§ il ¥ \.’1

Muon spectrometer: superconducting toroid magnet
o/p= 2% @ 50 GeV |n| <2.7

Silicon tracker |n| < 2.5, B = 3.8T solenoid
6/p= 1.5°10*p . @ 0.005
pT pT CMS

Calorimetry M|gcar<3> Mlgcar<3
ECAL: PbWO4 crystals, high resolution M(yy)

6/E = 2.8%E © 12%/E & 0.3% Nt &
HCAL: brass+Scintillator ¢/E =~ 100%/VE & 0.0SN

Muon Spectrometer: B = 2T (solenoid return yoke)
o/p= 1% @ 40 GeV |n| <2.4
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Standard Model Higgs Production @LHC ™ ks

gluon-gluon fusion dominant production mechamsm

\'s=7 TeV

LHC HIGGS XS WG 2010

1072 =
- | Vector boson fusion
100 200 300/ 400 500 1000
[GeV]

¥q

,/

Branching ratios

Higgs Strahlung

9 —*-—{,L wz

WW, ZZ fusion - :jf—»m 0088000000 " -
,‘\l
JIWeZ 1 fusion :

" W, Z bremsstrah ung

107E

10°°

Branching Ratios

LHC HIGGS XS WG 2010

100
Decay modes studied:

Y
TT

bb
WWwW
17

71000
M, [GeV]

200 300 500

low My range
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Standard Model Higgs Searches @LHC  mpria Colege

Cross Section x BR Channel . Lumi my,
anne Xp. bl (GeV)
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8 F \s=7Tev sM i ATLAS 11  110-150
x| 18 BN CMS 17  110-150
< F EE ATLAS 1.1  100-150

CMS 1.6 110-145

WH—bb, ZH—bb ATLAS 1.0 110-130
CMS 1.1 110-135

ATLAS 1.7 110-240
CMS 1.5 110-600

—h
=

—
Q
\S}

H->WW-olvly (0 & 1 jet)

10° | | VBFH>WWolvly CMS 15  110-600
=e,u 3

V=Vol,Vo | HoWW—lvag 0 & 1jet) ATLAS 1.0 240-600
q = udscb -

10 ' St ATLAS 2.0-2.3 110-600

100 300 400 500 e I
M, [GeV]

: CMS 1.1 180-600
LHC Higgs Cross Section WG ATLAS 1.0  200-600

arXiv:1101.0593 [hep-ph] (==l CMS 1.6  250-600

, , HZZ—212q ATLAS 1.0  200-600
Common inputs in ATLAS/CMS BRI EEIrD) CMS 1.6  226-600
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SM Higgs Searches @ LHC:
low mass searches

E 10_ T T T
S [ Ns=7TeV SM
o B
M
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o -
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107¢ VBFH—tv I=e,u
B H—-F b V= 'V V Ve
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-4 ]
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ATLAS & CMS: H—yy

Small branching fraction but clean narrow peak on top steep falling background
Challenges:

- Electromagnetic calorimeter calibration
- Determination of primary vertex in events with ~ 6 pile-up events
* Improve sensitivity:
Different y categories with different expected di-y mass resolution

CMS Converted
Uncoverted

Both in the barrel

Other combinations

ATLAS: barrel unconverted y \
x10°
>0.16_Il|||I|IIllllIIIIIIIIIIIllllIlIIIlIIII||Il||||l||_ (\T\ E
8 - ATLAS Simulation Preliminary ‘;’ 350 # Simulation
0 014 L - 8 C
o - ‘ - —— Parametric Model
5 0. o ﬁ E o 300F
C : o, = 1.58 GeVic?
g 01 | { 5 20
K®) r | =~ -
kY E ‘ ©200F  FwHM =297 Gevic?
2 008 i i 2200, v
< 0.06F | ; @ 190
0'04:_ * ' 100;—
0.02 50;

5 100 105 110 115 120 125 130 135 140 145

m, [GeV]

CMS preliminary
Simulation

p¥'<40 GeV
Max(ml)<1.5
Min(Rg)>0.94

o~ 1.6 GeV

CMS: expected improvements on
laser calibration corrections due
to crystal transparency loss

120

m,, (GeV/c?)

p(yy)> 40 GeV for fermiophobic searches
pYy)< 40 GeV
INAGCE Converted & Uncoverted § Central & Transition & Other

CMS: barrel uncoverted, p,""< 40 GeV

Similar di-y mass resolution:

— similar Higgs sensitivity
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Events / 2 GeV

ATLAS & HMS H—>W o e

t g g s U

Backgrounds :
* Irreducible: yy (+jets)

g

B[ JaTaTaTsTalsaliTe)
Fragmentationw‘: Box T

q o
Born

* Reducible: y/ jet(s),jet(s)/jet(s)
* Drell-Yan: both e misidentified as y

No significant excess seen!

~15-20% uncertainty in
MC, but MC is not used!

400¢ Data 2011\s =7 TeV, I B i1} 1

I
R

MS preliminary

350 ATLAS Preliminary _+_Data = 8 700 Vs=7TeVL=1661b" [ 2promety
- ] [] 1 prompty 1 fake y
300 .MC m,=120 GeV, 5xSM g« 600
u 1 %
250F Total background (Fit)y 1 & 500
- i ©
E 1 2 400
200 3
- ] 300
150 =
- . 200
1005— +{_ 0o
59 PR T T [ T T TS ST T T AN S T T [ S N S S E o | . ’ - uA
00 1o 120 130 140 150 160 %0 90 100 110 120 130 140 150 160 170 180

m,, [GeV] m,, (GeV/c?)
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Events /2.0 GeV

250%— ——— Exponential fit
200F-
150E-
100E-
SoF Background Model: =
- exponential ., . T
00 10 120 730 140 150

300

ATLAS & CMS: H—yy

450: T T T T
4002_ ATLAS Prellmlnary
3506 Data 2011 \s=7TeV, J Ldt=1.08 fb"
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® Data 2011

ri|_||||||||||||||||||||||||||||||||||

Sensitivity: 3-5 Ogy,
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CMS Fermiophobic Higgs: H—yy e

¢

g g fusion : HO

q

WW, ZZ fusion :

HO

No gg fusion or
associated production

q w,Z
wW.Z
I

— HO
q W, Z bremsstrahlung

Expected Exclusion: 110-116.5 GeV

Observed Exclusion: 110-112 GeV

15! ‘|02§ T T T T T T T T T T T T T T T E é
?‘ - Ns=7TeV Fermiophobic{ £
g | WW (SM) 18 &
» 10% .............................. =
5 = T e 1 110
............................. T :
1 g
3 .......
..... s f
L =10°
10 ER
IR . 1 -
~~~~~~~~~~~~~ 1 S :
L - 5 i
10-2 = E 10 :"_
- _Zy (SM) . =
10-3 i i 1 1 | "I" 1 ..'.I .... I. 1 1 1 1 ] : ......
100 150 200 250

Obs.erved CL§ Limit
Observed Bayesian Limit
Median Expected CLs Limit
+ 10 Expected CLs

+ 20 Expected CLs

Ili‘lIII|IIII‘IIIIIIIIIII‘IIII'IIII1IIII

Enhanced yy cross section x BR '

115 120 125

130

135 140 145 150
m,, (GeV/c?)
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ATLAS & CMS: H—tt

2"d largest Branching Ratio (~8%) at low mass
Challenges:
- Reconstruction of different tau decay modes

Hadronic tau (t,,,) reconstruction
- Reconstruction of di-t mass (presence of v's)

3.0%
CMS Preliminary 2010,\ s=7 TeV, 36 pb

- 0.8 I T
. = @
CMS: Thad reconstructmn. | g cms B3
particle-flow based algorithm o6 gi:: 8
[@acb + @
hadron hadron+strip 3 hadrons g
P oor e e e el 0.4
Py ‘47./1 7 :c"!
J ¢ 3
l:'/-' 0.2 - \8-
¥ 1)
@
0 (S
n 10(s) nn
Di-t mass reconstruction reconstructed T decay mode

CMS: Visible mass — full mass results in preparation
ATLAS: Full mass with Missing Mass Calculator (MMC)
Sophisticated version of the Collinear Approximation

23.1%

Imperial College

® mu + had ATLAS

e + had CMS
e+ mu

B mu+mu

B had + had &—ATLAS
We+te

CMS Preliminary 2010,\ s=7 TeV, 36 pb’

-

o
™
|

| -m- HPS, Wajet

T T

PTDR, W+jet
> PTDR, QCDy D
®- TaNC, Wejel o
- TaNC, QCDy

- HPS, QCDy

CMS

o
(%}

0.1

| |
0.2 0.3 04 0.5 0€
expecled t efficiency

e Fake rate ~ 1%
6% uncertainty
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Events / 10 GeV

Events / 20 GeV

ATLAS: H-1T Fmperlal College
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: _+_ -+_ : [ J o [J 1 0:_ _:
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CMS: H—7t - Vector Boson Fusion e

* VBF Category
exactly 2 jets with p> 30 GeV in opposite hemispheres: An;.> 3.5, M;> 350 GeV

* no VBF Category

[ [ [ (D KJ [ ) Ho T
<2 jets with p> 30 GeV or 2 jets failing VBF criteria WIZ 3===r=mmms {
T
0 el VBE
z ) = - CMS Prellmlnary . o 0 o
$ T T 2 b mewrwC 1 Sensitivity: 5-12 ogy,
Bk o M - -—— (10x) H>Tt m=120 1
(o0t et : ~omnes | | Observed: 6-16 ogy,
- 15:_ E tEfI_)TtT eak —: g w R L] L] L] L] L] L] L] L] L] L] L] L] l-
E Electroweak 1 Jacp _ li CLs Limits (95% CL) E
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C 3 — Expected 1
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[ Fakes E O\o
ik s
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ATLAS & CMS: H—bb Imperial College
W/Z. Associated production

q/ W/zZ

Entries / 10 GeV

Largest Branching Ratio at low mass Talk Thursday
Challenges: Conde Muino
Control of large SM background g H

— study of Higgs associated production CMS
B-tagging WH—Ivbb 165 GeV 160 GeV
Increased sensitivity: boosted analysis in CMS ZH—1lbb 100 GeV 100 GeV
ATLAS: main systematics from b-tagging ~16 % ZH—vvbb 160 GeV

and jet-energy-scale ~9%

ZH—vvbb
zH—~lbb FOWEY  WH—wbb FWEY - LS |
. _ reliminary epata  [Jlaco 3
45— ATLAS| Prellmlnary . data . 220 ATLAS Pre||m|nary ' e el —; (oD s = 7TeV,L=1.1fb" =vH115) [[z+udscg
40 | Lastoate’ -?r;]gzﬁ'é?gev); 200- JLdt_104 " -(Sr%i'ﬁ'fszgevrg S 10°EZ(w)H(bb) EW E:v“’bd E
o H ] C — Total 4 = C i +udscg 7
35F — Total BG = }285_ *;HBG E § - |:|tstt fw-+bb 1
25;— Diboson —; 1 20?_ o ,\Dﬂmfeotn E i
20 100 3 E
15F + 80F i
10F 60F 10
5E 40¢ B e -
OE o e O S P e 20:_;{ - 3 10% =
0 50 100 150 200 250 O— — v S A N
0 50 100 150 200 2,: 0 50 100 150 200 250 300
m, [GeV]
m,, [GeV] M, [GeV]
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ATLAS& VS Hoph i

95% C.L. Limit on 0/03,\,I
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o x BR [pb]

SM Higgs Searches @ LHC:
extension to high mass

1 O E T T T
- \s=7TeV SM
1 WW — Fvgg =
10" YN
\\ 77 — IMqq
1072k ZZ — ['Twv
sl 77 — T ]
10 = VBFH—t1 |=e,u 1
- AWWH — FFvbb V = VeViVy |
ZH — I''bb L g = udscb
-4 | | ] ]
10700 200 300 400 500
M, [GeV]

LHC HIGGS XS WG 2011

10

H—WW
H—Z77
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- o Data 2011
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L i I 1o
= I
— 1 fb-1
B o 110"
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SM di-boson production well understood



ATLAS & CMS: H--WW-—=lvlv

Imperial College

Highest sensitivity channel in M;~130-200 GeV range

Challenges:

- Full mass reconstruction not possible: m; = JE +Er™ Y (p"

- Large SM backgrounds: WW (irreducible), Drell-Yan and top
Increased sensitivity: 0, 1, 2 jet categories. 2-jets: VBF selection

Talks Thursday
G. Cerati
H. Gray

+p711111ss 2

@{. v

~

H—=WW: small lepton opening angle A¢, due to spin correlations compavi‘ed to WW
Z+Jets, WZ,77: Large E,™ & Z mass WlndOW cuts, tt+jets: anti b-tag selection
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Multi-variant analysis in preparation
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ATLAS & CMS H—>WW-—lvlv e (iree

b ' t ' = 10¢
B » ATLAS Prellmlnary CLs lel'[S o S _ _
s 10°E HowwOowy 3 B °F ONIEN  m 95% G xclusion: 5% pand
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120 140 160 180 200 220 240 260 280 300 0 120 140 160 180 200 220 240 260 280 300
my, [GeV] Higgs mass, m [GeV/c’]

A Standard Model Higgs boson A Standard Model Higgs boson

with 154 < m;<186 GeV with 147 < my<194 GeV
is excluded at 95% CL is excluded at 95% CL
Expected exclusion: Expected exclusion:
135 < my<196 GeV 136 < my<200 GeV

Observed limit is within 20 of expected one in mass range 130-150 GeV
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ATLAS & CMS: H—-Z7—41

Imperial College

Cleanest channel at high mass with good mass resolution but low statistics
Main background from ZZ
Challenge: reconstruction of low-p, isolated leptons with pile-up
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4 leptons candidate : 2e2u

CMS Experiment at LHC, CERN

Data recorded: Sat Apr 23 21:25:22 2011 CEST
Run/Event: 163334 / 286336207

Lumi section: 499

Orbit/Crossing: 130640607 / 366

4 isolated leptons
M, = 163 GeV/c?

4 leptons from the same vertex.

2 leptons pairs
Z (p+u-) : m =94 GeV/c?
Z*(e+e-) : m = 65 GeV/c?




ATLAS & CMS: H—>77—4] Imperial College

Lonclon

UE-, 20 1 96 2.28 fb_l x s | CMS preliminary 2011 | 1.66fb"!at\I§=7T?V
2 18t ATLAS Preliminary 4 © 15 Gl Observed L A
c 1 H— ZZ —> 4| _ © : ------- CL Expected Limit :
S 16 JLdt = 1.96-2.28 " BN ] [ L, Expected = o ]
g 14‘ s=7 TeV ] -E ,_ [ ] ClgExpected =20 |
D 120 — Observed CL = 10}
e Expected CL o) H—>ZZ—>4l
o 10¢ E+10 NS z
- S .
n o ;
ol ¢ H—ZZ—41 4 51
4t =
2F 7 : ; ‘ .
S | | | . Qoo 200 300 400 500 600
O | | | | | | | | | | | | | | | | | | | |
200 300 400 500 600 MH G eV/cz]

my [GeV]

Sensitivity very close to the SM cross section at high mass
1-2 oy excluded at 95% CL in mass range 150 < my <420 GeV

CMS also studied H—ZZ—212% (backup): excluded 10 og,, between 200-400 GeV
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ATLAS & CMS: H—>Z7Z—212v e ey
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Events / 25 GeV

ATLAS & CMS;: H—ZZ—212q sl e
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95% CL limit on o/cg,,

ATLAS"'CMS: Standard MOdel HiggS Imperial College
Combined ' Exclusion Limits

95% CL limit on c/cg,,

; Exp > H—syy (1.08 tb™) -E-xp. > H— 2Z— 1l (1.96-2.28 fb") ;
| .- Hos WW— Iviv (1.70fb™) oo ——— H— ZZ— llqq (1.04 1) |
AP wewnom iy - —wzewony 1 ATLAS and CMS have agreed on
10E /A statistical methods for Higgs searches:
- "4 Modified Frequentist CLg limits
- ] Bayesian approach used as cross-check
1 :._ ........................................................................ _:
:ATLAS Prelirr;i.r;ary ILdt~1.O-2.3fb'1,\s:7TeV CLs Iimits: B k d bt . d f
0 mo a0 a0 se0 eoo - acKgrounds are obtained irom
my, [GeV] data-driven methods
102 CMS Preliminary, \s 27 eV~ [—— Combned penes | = Correlated uncertainties (eg. lumi)
-\ = S %1;%2%3; { considered
- tie) || - Systematics uncertainties are treated as
(1.6 b
MEc e e e 4 nuisance parameters 0 & are "profiled"
- =77 based on the data
I -~ - Careful treatment of theoretical
1 = . °
- N FTVVE IR 1 uncertainties (common to ATLAS
o T deMs)
100 200 300 400 500 600

Higgs boson mass (GeV/c?)
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ATLAS & CMSTStandard Model Higgs i colege

Comblned Exclusmn Limits London
b% - ATLAS Prellmlnary  CLsLimits 1 % [ CMSPreiiminary,Ns=7TeV [ Opseved |
E i — Observed % Combined, L_ =1.1-1.7 b’ B Expected = 1o
;g ol ;fﬁpjded ILdt =1.0-2.3 1" | fé’ e e
C:)) - |:| +2¢6 \s=7TeV 8
R N T
|
e e T 55 oo e (G 5
Standard Model Higgs boson Standard Model Higgs boson
is excluded at 95% CL: is excluded at 95% CL:
146 < my<232 GeV 145 < my<216 GeV
256<my<282 GeV 226<my<288 GeV
296<m;<466 GeV 310<my<400 GeV

No significant excess (<20) is found in mass range between 110-600 GeV

Higgs Searches at the LHC: M. Vazquez Acosta (Imperial) SUSY2011 Conference, 30/08, 2011 - 29




CMS: Stand
Combined E3

viodel Higgs Imperial College
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ATLAS: Observed Combined p-value ™7“%

p-value estimates probability of upward background fluctuation
as high or higher than the excesses observed in data

eaae Latest Results wanman L PS Results

° 1 ;_' IATLIAS Il:’rlellir‘lnilnlary _; &y %— ATLAS Preliminary 3
, E --------------------------------------------------------------- 1 26 - .
10°¢ - S5 0% E
_3; ---------------- ‘\‘ --------------------- : -‘,-'-'-'-?-----------------------_i’ 30 E E
10 B - 107 Do E
al - - i i — Observed 4]
1 O E_ \“ ',' —E 4 10_4 - ‘.‘ RS Expected Ldt =1.0-1.2 fb -
oo e SRR FrmTr s 4 40 = W2 =7TeV |
105 &~ Observed ! 4 - 3g ' © ]
CBpected 0 JEETITEIR 3 ot
10® = \s=7TeV E . m,, [GeV]
10-7 _l oo b b by by oy by by by 1_ The Overall consistency Of excesses
100120 140 160 180 200 220mH%é(<)eV] with expected signal from presence
EPS results of Standard Model signal is displayed

127 GeV: broad excess in WW—lvlv and excess in H—>yy =®»more data less significant
245 GeV: 20 excess due to accumulation of ZZ—>4l events =®more data less significant
144 GeV: 2.80 excess due to broad excess in WW—lvlv and 1 ZZ—4l event =»more data
significance 20, with probability of a background fluctuation at the percent level
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CMS: Observed Combined p-value 0

The p-value curve dips downward over a broad range of low masses,
driven by broad excess seen in WW—lvlv, with a few narrower features
corresponding to ZZ—4l events and modulations seen in H—yy

() 1 T T T L — L — L —— [0} 1 = NS S S

S - : | % = —
< i -/ pln-u-nn u X1 > e o L T <o Y. e —{lo

s 3 ATTTTNGAEN] T .

1 - ikl sl bl e ] — =
o 101 - H . § S -

© - Al V E = 10% - =
§ ':---- !! ! = """":"20 E ESO

B i 0 0 N T il

102k 3 Significance < 1.60 i 107 E =

- : ' (] = — imi = i = - 1 .
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B "‘ i Interpretation requires look-elsewhere effect correction Hao
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The minimum local p-value is p,;, =0.01 with local significance Z_, = 2.30.
After considering the look-elsewhere effect, the probability to see an excess at
least as large as the one observed in data is 0.4.

Best fit for u=0/0gy My: 117-120 GeV: 1xSM, 140 GeV: 0.6xSM

— With the current amount of data, the excess is not significant
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Standard Model + 4" generation mperia Colge

London
Enhanced WW/ZZ cross section _ _——
T — o> £ ATLAS Preliminary CLs Limits ]
\D(: . HIGLU SM4 g i — Observed 4™ Generation Model -
= - o
s gk - 10 ---- Expected I ~ e
i : g - W+ Ldt =1.0-2.3 b ;
B 0 1 e
"
- _ (0)) [

4 M,,=600GeV | -

QL(M )Nw Enhanced ggH 1 107 =
RSy cross section | - : E
ettt ] i 4th generation SM
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M. [GeV 200 300 400 500 600
H [GeV]
m, [GeV]
Unitarity arguments: M,< 500 GeV
Phys.Rev. D 40 (1989) 1725 Higgs boson in SM+4t" Generation
Interesting mass range: 400-600 GeV excluded @95% ClL.:
Phys. Rev. D76 (2007) 075016 120 < m;<600 GeV

M,,=M, ;=600 GeV
My, - Mp, = [ 1+ 1/5%In(M,/115) | * 50 GeV
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BSM Higgs Searches @ LHC



Imperial College

Standard Model and Supersymmetry

Standard Model does great job describing physics at weak scale,

but Hierarchy problem in Higgs sector

If Higgs boson is fundamental particle

i) there are no high-mass particles which couple to the Higgs field (even
indirectly)

ii) Striking cancellation are needed in high-order loop corrections to my,

SUSY at TeV scale elegant solution to hierarchy problem
- Introduces super-partners of SM particles and cancels problematic loop
corrections

Minimal supersymmetric extension of SM there are 2 scalar doublets @, @,
After EW symmetry breaking:

* h, H (scalar, CP-even)
S physical Higgs bosons * A (pseudo-scalar, CP-odd)
* H=* (charged)
B (VEVs): tan g =v,/v, [v2+v,2=v?=2M,?/(g,>+g,%) = (246 GeV)?]
 MSSM Higgs sector @ tree level determined by: M, & tanf
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MSSM: Neutral Higgs Production S el
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ATLASH+CMS: M@/I H _)ﬂ Imperial College

London
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MSSM: Charged nggs Production Imperial College

top quark decay

H" Decays
N < Light Charged Higgs

* Small tanf:

t SbH +X M <m H*—cs important
* Large tanf:
b H™—Ttv important

Associated production

gb - H't 3

<

b HT

Heavy Charged Higgs

pp—=thH +X M, .zm

t
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ATLASHCMS: MSSM Charged Higgs

t = bH" — bcs

large Emiss, >

high p,isolated lepton,

4 jets, >1 bjet,

m, consistent with W
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ATLASHCMS: Beyond MSSM
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Summary Impenql College

* The LHC has delivered more than 2 fb-! of data allowing
ATLAS and CMS to start the hunt for the Higgs boson both
in the context of the Standard Model and beyond

* No significant excess (<20) is found in the mass range
between 110-600 GeV studied by both experiments

* Exclusion limits have been placed at 95% CL in the regions:

146 < m;<232 GeV 145 < m;<216 GeV
VT 256<m ;<282 GeV 226<m;;<288 GeV
296<m;;<466 GeV 310<m<400 GeV

* Both experiments use common statistical methods and
theoretical input which will make future combinations easier

* Stringent limits have been placed in the MISSM parameter
space and other models BSM are starting to be explored
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THE HUNT FOR THE HIGGS AT
THE LHC HAS JUST STARTED,
STAY TUNED! |







Profile Likelihood Ratio el

For each measurement outcome depends on:

* Lack or presence of a Higgs signal, represented by signal strength p=0/0 ,,

* Quantities affected by systematic uncertainties represented by nuisance parameters 0
These parameters have an associated measurement which gives a preferred value 6,

Likelihood is built as product: L(datal M,Q) = Lobs (datal M,H) ° P(Ho 16)

Probability of observing data given pu ,0. In

Probability of having 0 given measurement 0,
counting experiment with background b(0)
and signal s(0) it is a Poisson(data|u s(0)+b(0))

- assuming a flat prior on 6 (Bayesian)
- measuring 6, given 0 (Frequentist)

pdf's for nuisance parameters p(@ | 30) ~ p(eo ,0)° T, (0)
- Yields measured from control samples: Gamma
- Other yields: log-normal posterior as | | measurement || primordial
- No prior knowledge (eg. yy background): flat | aprior for | | pdf: frequentist || flat prior
y 5 l Bayesian
. =
Poisson(data|us+b) S 4 ! Log-normal
K% ! - o
obs (data | M,H) = C% 3] |J'| ]1 for 10 50 A) Type of syst. error posterior p(6|0) frequentist p(0| 0) prior g ()
e = /|| uncertainty
(Aus +b )I’l oM -b; = o L"'\EI Unconstrained flat flat flat
H data ' 8 a
o Gaussian ; , 5—0)?
o H & p(0]6) = — exp (6=5) p(A]0) = }znvxp =) flat
product of probabilities Lognormal Aor () w5
tO Observe nidata events 00 Statistical p(@|N) = vxp(f(-)) p(N|6) = 9\—\, exp(—6) flat
in bin i
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MOdified Fl‘eqllentist CLS limitS: Imperial CoIIege
reject signal+background hypothesis

Frequentist: test values of u=0/0 ¢, by running i DA :1‘"*:"2::(:3
pseudo-experiments and evaluating how often they 5 105~_f§q% for ignalsblgd pszudg«tﬂat(a =2
. R . —_ q or ga-only pseuao-qaata (u
are more signal-like than the real data observation & o | q, observed (u=2)
=
For each value of the signal strength p=0/c ,, = 100l
* Evaluate the test statistics (profile likelihood) 1\}\ et
102 | 2 ol .
L(datal u,0,) . P T
qﬂ=_21 OSMSM 10} 1 ij
L(datal M,H) N2 ﬂ]ﬂﬁ m 1
0 5 10 15 20
@u :value of O which maximizes likelihood given n Test Statistic q

* Determine the value of 6 which give the best global fit of
the data and measured 0,. Do it separately for the case of no signal and for the tested

* Use values to generate pseudo-experiments for background-only and signal+background
In each pseudo-experiment generate also values of the external measurements 0,

* Evaluate test statistics for pseudo-experiments comparing with the data building CL

CLg,, r, F* (qﬂ =g | us()+ b(éjbs)) signal+background hypothesis

CL, - _Pu_
CL;  p, P (qu =q," |b(90bs)) background-only hypothesis

If CLg < 0.05: value p is excluded at 95% CL
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Bayesian limits: il Colege
reject signal+background hypothesis

Bayesian: interpret the likelihood function as
a pdf for u=0/0 ¢,; assuming a flat prior, compute
the interval [0,u] that contains 95% of probability

0.8[ CMS Preliminary \s=7 Tev L_=02-0.9 fb"
: / Higgs Comblnation at m =250 GeV

\ p(u|data)

Posterior probability function p(u|data) on
the signal strength p

posterior pdf L(n)
o
N

S §
~

(| dara) = — [ p(data) us(©)+ b)) p,(0) 7, (1)d0

0.2r

Pg(0): pdfs of prior belief on scale and description of | J/
uncertainties, or systematic errors OO' et M e
.TIZM(M)I prior on the s1gn.al strength. Taken flat for u=>0 5
and zero otherwise M =Gy

C: set to normalize p(u|data) to 1

The Bayesian one-sided 95% CL limits on pn are extracted from:

fﬂ95%CL p(uldata)du =095 CL and Bayesian are different definitions,

0

obtained results agree within 10%
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Discovery: Imperial College
reject background-only hypothesis

To characterize the scale of the observed excesses versus Higgs mass calculate
the local approximate petimate_yalue from the asymptotic approximation:

1

estimate obs
pe =5[1—erf( 4o /2)] Test statistics: ¢, = —2

In L(datal0,6,)

20 0
L(datal u,0)

The true p-value p=P(q, =q.")= f £(g, | u=0,02")dg, of such an observation

obs
90

obtained from the sampling distribution (red curve) agrees well with petmate (blue curve)

»n s -1
To quote significance Z the following is used: o pr:z:tzm:,s:;::vat ,:H:Zz:::
o 1 ) ;8_) .| _f(2qo) for bkgd-only pseudo-data
p= { T exp(-x"/2)dx  5g (Z=5): p=2.8E-7 § N I
Small local p-value means one has an excess ol
w.I.t. expectations
It does not tell whether the excess: 13
* is due to signal or not . |
* is consistent with the expected signal 9% 5 10
A large look-elsewhere effect can reduce significance Test Statistic q
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Look Elsewhere Effect nperl olege

LEE: the significance of observing a local excess of events needs to take into
account the probability of observing such excess anywhere in the range

The test statistics is modified to include multiple testing (equivalent to floating mass fit)
9 (mH ) = II’}zaX 9 (mH )
H

In the asymptotic regime for small p-values the probability of a fluctuation above q,,:

Plain)>a,) =N, 42 P(x2, >,

* Nq,.s average number of up-crossings of likelihood ratio scan q,(my) at level q,.¢
* Determined with a small set of MC simulations

. Approximation best above ~9 3o
The expected number of fluctuations 5 APPTOXIMATION HES ADOVE Grest = - ( ,), ,

at (. IS given by:

_ _(qtest ~ref )2
<thest > - <NQref >e

The more regions probed the larger Nq, ¢

Observed g,

Hiaags boson mass

D global _ < qu > N pzocaz The p-values need to be scaled by the LEE trial-factor

=» reduced significance
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CMS: H>ZZ—-212 Ak

CMS Preliminary,\'s=7 TeV, 1.1 fb" CMS Preliminary,\'s=7 TeV, 1.1 fb"
N T T T T | T T T T | T T T T | T T T T | T T T T | T T E 70 _| | T T TT | T TTT | T TTT | T TTT | T TTT | T T TT | T T TT | T T TT
L2 S
> 1.4 ® DATA 0 . H— ZZ — 212
[} '« 60
Q) 1.0 H200 - ZZ —2I12r | O - Expected CLs Limit
. O\O |
g Ha00 -2z - 2i2c | © 50 [ =10
@ T ? ) zz - 212 1° [ =20
c 40~ —— Observed CLs Limit i
g) 0.8 N
30 -
Wos :
0.4 20 E
0.2 10} -
i L L | L L h :| | L1 11 | | | | L1 1 1 | L1 1 1 | L1 1 1 | L1 11 | L1 11 | L1 1 |:
900 200 300 400 500 600 200 250 300 350 400 450 500 550 600

2
M, (GeV/c?) my, (GeV/c’)

Exclusion @95% CL of 10 O,
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Sl L AL o

% T I L I L ] L I L I T 1T 17T
(12 40001 |:|s|gna| (x 100) o
& 3500 N . Data =400 GeV/
C to 1
"3 3000F B W‘/)Z+|ets e
g C [ Multi-jet .
- 2500;— = Il Dibosons
20002_ i H_>WW_>lqu+0 Jet
u =
15001 ATLAS Prellmlnary;
1000E- o [Ldt=1.04m" 3
- - \s=7TeV ]
500;— = —

6 200 300 400 500 600 700
M(lv jj) [GeV]

% 2400 :—I T T T T T LI I B I O N B B N B |_:
G 2200 - [ Signal (x 100)
a 2000 ‘ ‘ m,, = 400 GeV/c? =
~ C ® Data -
§2] 1800 B top —]
c E W/Z+jets =
¢ 1600F = = Ml et E
W 1400 | Il Dibosons 3
12008 & _H—-WW-—lvqq+1 jet
1000 * .
800 o ATLAS PreliminanA
600E - [Ldt=1.041b" =
400EF = \s=7TeV
200¢ ‘

00 200 300 400 500 600 700
M(lv jj) [GeV]

Largest 0°BR and good signal/background ratio

in high mass region m;~240-600 GeV

Challenge:

Reconstruction of the m,,, mass

- Require exactly one high-p, lepton, larger E M
exactly two high-p, jets associated to a W decay

Observed: ~5-10 oy,

_lIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII}_

H—-WW-—lvqq+0,1 je

ATLAS Preliminary

o —
NAP - EXpected =

95% C.L. limit on o/c(SM)

\/s=7 TeV = 1o
- 1.04 fb!
p + 20
11— = —]
1075 fL dt=1.04 fb Observed
| I 11 1 1 I 11 1 | I 11 1 1 I 11 1 1 l 11 1 1 l 1 1 1 l | I I I_'
250 300 350 400 450 500 550 _ 600
M. INIDALUL, TTIEED SCAlUIITD 111 AL LY MH[GeV]
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ATLASTCMS: Imperial College

H—vyy Vertex Determination Hneon

Di-photon mass resolution depends on v cluster
correct choice of Higgs production vertex Q ECAL
« High pile-up conditions: <Np >~ 5 \ i
Vertex determination based on: 1.3m
CMS CMS
* Kinematics of tracks belonging to vertex

2p,’
* p; balance between tracks in vertex and comee! 'V_t?(___v____

phOtOIl pair beam spot ~6cm
* Conversion track finding and projection

on beam line
Performance tested with Z events after ; —

PS ‘
removing muon tracks P ,/ I
beam

‘ detector center,
ATLAS ATLAS

* ( ::s|
o primary vertex \ . !
* Only y candidates are used s\ ___
strips
— Use of calorimeter pointing + GIEEES
conversion vertex
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ATLAS SMHiggs: Systematics

Imperial College
London

Table 3: Main correlated systematic uncertainties used in the analysis. These relative uncertainties (%)
correspond to the overall effect on the per-event signal efficiency of the =10 variation of the source of
systematic uncertainty. Some of them, such as the energy scale in the H — Yy search, are included but
are not apparent in this table as they do not affect event rates.

H— ttt™ TN H s bE H — WW* H =77

Ty TiTe+ jet 7 tviy eeee fbvy  flgq
Luminosity +37  +3.7 +37  +37 +3.7 +37 +37 +37
elyeff. +3.5 W oS 123 +2.2 +33 +12 =11
e/YE. scale o1 103 : e +0.1 - -
elyres. - +3.7 - ‘_‘%2 +0.1 - - -

2.0 1.1 0.8

IL Tes. - oy - +5.8 +1.6 - - -
Jet/ T/MET E. scale f}g ﬁb%o - f'}; +6.1 - *_‘3:8 f?074
JER - +2.0 - +2.5 Mt - - +21
MET - i : e : 0.6 195 -
b-tag eff. - - - fg +0.1 - fj: -
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CMS SM Higgs: Systematics

Imperial College

YY Tt WwW 17 77 77
Ivlv 111 Itvv liqq
luminosity 6%
e 2% 2% 2%
trigger 1l 2% 1% 1%
Y 1%
1l 1% 3% 3% 2% 1%
e 2% 4% 3% 2% 2%
reconstruction
efficienc 1 L
’ Tind 6%
b-tag 20%
scale I 2% 2% 1% 2% 1%
?etvent ield) ¢ 2% 2% 2% 5% 2%
Y jets/MET 4% | 2-10% 2% | 0.2%
p, scale H
(shape) ¢
Y 0.1-0.3%
Thad 3%
w 10%
p; resolution e 10%
Y 20%
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CP-Conserving Benchmark Sc

enarios Imperial College

Unconstrained MSSM has large number
of free parameters. Choose specific

Proposed by Carena et al.,
Eur.Phys.J.C26,601(2003)

parameter points: benchmark scenarios -

2 130 - 3

* M, ™3X scenario Al I e
. 110 s E

»maximal M, <133 G eV i oo b b=

» Conservative exclusion bounds on tan  and M, 3

» Used at LEP/Tevatron, Mg sy= 1 TeV WEL Nomixing - 3

° o o " 3 ,"!.: Gluophobic === ]

* No-mixing scenario o ey e ]

»Small M, <116GeV
» No stop mixing, X, =0, M sy=2TeV "5 |
[ o dﬁ
* Gluophobic scenario 0s
> Small gh,gluon 0.6

main production channel gg—h strongly suppressed N
> M, <119 GeV, Mg;s,=350GeV |

e Small-o scenario Sina
SM

»>small g,,, and g, Sih = S cos 8
» M, <123 GeV, M ;5,=800GeV

0.2

50 == -
50 100 150 200 250 300 350 400 450 500

M, (GeV)

T T = T " 1 T L1
| -

MHMAX scenario

Nomixing scenario

Gluophobic scenario ]

tan =10

" | " | " | 1 | 1 | 1 | 1 | 1 | 1

0
50 100 150 200 250 300 350 400 450 500

FeynHiggs curves" s ¢V
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MSSM: m,™x scenario mperial Colege

. Mt0p= 172.5 GeV
* my(my) pspar— 4-213 GeV
* 0s(M,)=0.119

* M sy = 1000 GeV soft SUSY-breaking squark mass
* X, =2000 GeV stop mixing parameter
* M2 =200 GeV SU2 gaugino mass parameter

e u=200 GeV Higgs mixing parameter
* M3 = 800 GeV gluino mass parameter

Susy loop corrections are

negligible in this scenario
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Neutral Higgs: associated b production

Dominant Higgs production process

qg/gg —>bb+h/H/A

g vvsosoe———b

Exclusive g8 —=bb+h/H/A
4FS Rikkh b/H/A four active parton flavours

|
ol

g sooo0e—<—— b

[T T T 1
N

s=7 TeV
MSTW2008
u=(2mb+MH)/4
__|bb— H (NNLO)
__ | gg— bbH (NLO)

LHC HIGGS XS WG 2010

10

200 300 400 500
M., [GeV]

100

Imperial College

andan
LUH"L,E(U. l

at high values of tanf

Start with bb = h/H /A atLO
————— h/i/A At NNLQOgg—bb+h/H /A contributes
in the real corrections

Common approach for
m— ATLAS/CMS results

Vs =7 TeV

G (fb)

1024 S

4FS gg—bbH (NLO) E

matched

Santander Matching
for 4FS& SFS bbH

10

- a(bl7—>h+X)=L[o4Fs+t05FS]
C 1+1¢

-1
10 v vy v v v b e b b by
100 150 200 250 300 350 400 450 500

my; (GeV)
Difference between 4FS & SFS is logarithmic
- Large Higgs mass: SFS more reliable
as it resums collinear logs In(M,,/m,)
* use SFS for my—o0
- For small logs [In(M/m,)=2] 4FS dominates
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Imperial College

MSSM Neutral Higgs Couplings

coupling h H A For large tan B coupling enhanced
up-type fermions cosa/sina | sina/sinf | cot 3 for down-type fermions.

down-type fermion | —sina/cos3 | cosa/cos 3 | tan 3 Important for b-quarks and T since
o sinff—a) |cs(f-a)| O Higgs coupling proportional to mass

o is a mixing angle between neutral components for two Higgs doublets H,’, H,° to give
the physical CP-even Higgs bosons h, H: cos2a = -cos2f [(M ,>-M,2)/(M-M, ?)]

For large M, — cos(f—a) « 1

B ' L == < h couplings SM-like
BR(4) 7T Blie) ] * H coupling to W,Z suppressed
tang =3 tan 8 = 30
i H “E 3 TN e W
zi W1 F LA e Z e
: 01E 7
L 9.‘_1
0.01 0.01 F = :
- 0of ¢
tt
99
. qg K 0.001 |- ’ W\
0001 00 0 00 00 300" 100 200 300 400 500 i NN
MA [GGV] MA [GGV] 0.0001 - Z;\ 1\\‘ L

Djouadi, Kalinowski, Spira

100 130 160 200 300

My [GeV]

500 700 1000
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Sakurai Prize for Theoretical Physics 2010 [ Cley

Kibble, Guralnik, Hagen, Englert, Brout, Higgs

"For elucidation of the properties of spontaneous symmetry breaking
in four-dimensional relativistic gauge theory and of the mechanism
for the consistent generation of vector boson masses."
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